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We have revisited the first-principles calculation of the diffusion 
coefficient for nitrogen monomers and dimers, both within the dis-
sociative and the direct pair-diffusion picture, using density-
functional theory and harmonic transition-state theory. From our 
current understanding, it seems that the results for the dissociative 
mechanism are in better agreement with experiment than those for 
the direct pair-diffusion mechanism. Based on a monomer diffu-
sion coefficient of ( )( ) smceV 53.0exp103.7)( 23N TkTD B−×= −  , 
we calculate for the dissociation diffusion parameter of the dimer 
( )( ) scmeV 4.2exp106.1 9 ⋅−×= TkP B . 
 
Introduction 
 
Nitrogen doping of silicon is important because of its effects on the formation of ex-
tended defects in silicon. These include suppression of void formation (1,2), increase of 
the mechanical strength of silicon by locking dislocations (3) and, when implanted with a 
sufficient dose, reduction of the oxidation rate (4), partially due to the fact that nitrogen 
readily binds to vacancies and can also attract oxygen (5,6).  
As early as the investigations of Stein (7) in 1985 it was concluded from isotope 
shifts that the nitrogen dimer configuration should dominate at room temperature.   Jones 
et al. (8) confirmed this conclusion using a combination of spectroscopic and ab-initio 
investigations. Except for the work of Gali et al. (9), who calculated a binding energy of 
1.73 eV, all theoretical investigations agree on a rather high binding energy between 3.67 
and 4.3 eV (6,10-12).   
In contrast, less consensus exists about the primary mechanism of nitrogen diffusion 
in general and of the nitrogen pair in particular. In a variety of experimental investiga-
tions based on the out-diffusion of nitrogen from doped substrates (13) or on the in-
diffusion of nitrogen from the ambient (14-17) the profiles obtained were interpreted in 
terms of diffusion of N2 as an entity. The diffusion data obtained have been described in 
(18) by a diffusion constant of ( )[ ]TkTD BeV 34.2exp35)(N2 −=  cm2/s, with the 90% 
confidence interval for the activation energy ranging from 2.01 to 2.77 eV.  
In the modeling analysis of Adam et al. (19), a nitrogen kick-out mechanism and 
binding to vacancies was assumed. Nitrogen dimers were not taken into consideration nor 
apparently needed to obtain good agreement with experimental profiles. A later analysis 
of Voronkov and Falster (20) was again based on nitrogen dimers as the prevalent defect, 
but it was concluded that they would diffuse via dissociation and diffusion of the mono-
mers rather than as an entity.   
Concerning atomistic modeling within first-principles methods, Schultz and Nelson 
calculated the migration barrier for (interstitial) nitrogen monomers to be 0.4 eV for a 
split-interstitial configuration, resulting in very fast diffusion (21). Concerning nitrogen 
pair diffusion, Sawada et al. (22) reported values for the activation barrier of 3.3 and  
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2.8 eV for the simultaneous and sequential movements of the nitrogen atoms, respec-
tively.  Their lower value for the energy barrier (which was found for a negative charge 
state) is fairly consistent with early data from Itoh and Abe (13), but outside of the confi-
dence range given in (18).  Stoddard et al. (18) calculated both the energy barrier and the 
diffusion prefactor for (interstitial) nitrogen monomer (N) and dimer (N2) diffusion and 
found barriers of EN = 0.44 eV and EN2 = 2.37 eV as well as prefactors of DN = 1.7 cm2/s 
and DN2 = 67 cm2/s, respectively. With that, they suggested that direct pair diffusion 
would be the dominating diffusion mechanism. Finally, Fujita et al. (23) reported a diffu-
sion barrier of 2.69 eV for pair diffusion, also introducing a new intermediate metastable 
structure that had not been discussed previously. In the following, we will reexamine 
these atomistic results and reinterpret their findings. 
 
Theory of Nitrogen Diffusion 
 
Following Vineyard’s suggestion derived from harmonic transition state theory 
(24,25), the diffusion coefficient for a system transitioning from initial state i through a 
transition state (saddle point) s to a final state is given by  
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where d is the jump distance, p is the multiplicity of jump paths, ∆S is the migration en-
tropy (difference between saddle point and initial minimum), ∆E is the energy barrier, 
and ν is the attempt frequency. Within harmonic transition-state theory, the attempt fre-
quency is calculated as the ratio of the product of the Γ-point vibrational frequencies of 
the ground state supercell over the product of all real Γ-point frequencies of the saddle 
point cell, 
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The entropy of configuration is given by the natural log of the number of possible defect 
configurations. Within the quasiharmonic approximation, the vibrational entropy S of a 
configuration with N atoms can be calculated by (24,25) 
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To determine the transition state, the nudged-elastic band method (26) can be used. 
Among many other programs, it is implemented into VASP (27), which also can calcu-
late the Γ-point phonon frequencies as done in (18). 
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Diffusion of Nitrogen Monomers  
 
In (18), we had found as ground state for the nitrogen monomer a bond-centered in-
terstitial with a migration barrier of 0.44 eV. Also, since the temperature dependence of 
the entropy (Eq. [3]) did not completely cancel out, it had some effect on the effective 
migration barrier (18). Fitting the total diffusion coefficient in the temperature range from 
800-1600 K, we had found an effective diffusion coefficient of ( )[ ] smceV 56.0exp7.1)( 2N TkTD B−= . Repeating the calculations independently with 
improved accuracy and reliability, we find now a different result for the prefactor, while 
the diffusion barrier remains unchanged. For the attempt frequency, we find  
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The migration entropy from the difference in vibrational entropy between saddle point 
and initial valley, where the entropy is calculated from Eq. [3] as a function of tempera-
ture is shown in Fig. 1. With that, we fit now in the range between 800 and 1600 K  
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Assuming that the nonlinearity in the observed nitrogen incorporation from the melt 
is due to an increased dimer concentration, Voronkov and Falster (28) estimated the 
monomer diffusivity to be approximately ( )[ ] smceV 5.0exp101.1)( 23N TkTD B−×= − , 
which is in good agreement with our result from Eq. [5].  
 
Diffusion of Nitrogen Dimers – Dissociative Mechanism  
 
Following Voronkov and Falster (28), the concentrations of monomeric (N) and 
dimeric (N2) interstitial nitrogen are related by a mass action law, 
 
Figure 1.  Migration entropy for diffusion of the nitrogen monomer as a function of tem-
perature. 
ECS Transactions, 16 (6) 89-96 (2008)
91
Downloaded 29 Jun 2011 to 128.146.58.90. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
 ,
N2
2
N K
C
C i =  [6]
 
where K is the equilibrium dissociation constant and is given by 
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Eb(N2) is the binding energy of the two monomers into a dimer, and the prefactor K0 is 
generally assumed to be close to the lattice site density CSi = 5 × 1022 cm–3. Assuming 
that only monomers and dimers exist in a sample; that only the monomers are mobile; 
and that monomers and dimers maintain equilibrium (i.e., that 0N2 ≈∂∂ tC ), the change 
in total nitrogen concentration is only controlled by the diffusion of the monomer (28),  
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As described in the introduction, the N2 binding energy used in Eq. [7] has been calcu-
lated in nearly all investigations to be at least 3.7 eV (6, 10-12). With that, at a conven-
tional doping level with CNtot > 1014 cm–3, Eq. [6] predicts that the dimer concentration is 
always significantly larger (by orders of magnitude) than the monomer concentration. 
With that (i.e., CN << CN2), Eq. [6] can be used to eliminate CN from Eq. [8] to obtain 
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Comparing to the standard Fickian form, an effective diffusion parameter Deff can be de-
fined by  
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To get rid of the concentration dependence, one can also define a “dissociation diffusion 
parameter” P (28),  
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Using the standard Arrhenius form for the monomer diffusion coefficient with prefactor 
0
ND  and activation energy 
m
NE  in combination with Eq. [7], we find 
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In agreement with previous work, we calculate the binding energy of the dimer over 
two monomers as 3.7 eV. In combination with the diffusivity from Eq. [5], we thus find  
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This result can now be compared to values from a fit to experimental data, where Vo-
ronkov and Falster have determined scm104.8 100 ⋅×=P  and EP = 2.8 eV (28) and 
scm104 100 ⋅×=P  and EP = 2.7 eV (29), respectively. Figure 2 shows our results in 
comparison to the measured points and the fitted curve from (29), where we find excel-
lent agreement between theory and experiment. This strongly supports Voronkov and 
Falster’s suggestion of a dissociative mechanism for N2 diffusion.  
 
Figure 2. Dissociation diffusion parameter P. 
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Figure 3. Calculated diffusion coefficient for N2 diffusion, using the direct pair-diffusion 
mechanism (black dashed line) and the dissociative mechanism with a nitrogen concen-
tration CNtot of 1015 cm–3 (red solid line), in comparison to experimental values [circles 
from (12); diamonds from (13); squares from (14); triangles from (15) and (16)]. 
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Diffusion of Nitrogen Dimers – Pair-Diffusion Mechanism  
 
Assuming that the barrier of 2.37 eV had been determined correctly in (18) for the di-
rect pair-diffusion mechanism (which, however, is small compared to other calculations 
as discussed below), we recalculate with improved accuracy and care the corresponding 
prefactor and find a value of 5×10–2 cm2/s instead of the previously 67 cm2/s. This makes 
the pair-diffusion mechanism three orders of magnitude slower than experiment (Fig. 3).  
Looking at the other calculations of the diffusion parameters for the pair diffusion 
mechanism, we find work by Sawada et al. (21) and Fujita et al. (23), where the former 
concludes a minimum pair diffusion barrier of 2.8 eV, whereas the latter reports 2.69 eV. 
Nevertheless, both find the so-called Humble configuration as an intermediate metastable 
configuration, with symmetric minimum-energy paths between initial and Humble; and 
final and Humble configurations, respectively. We re-plot both data sets along with a 
spline interpolation in Fig. 4.  
As already mentioned in (23), (21) did not try to spline-interpolate their data, result-
ing in a lower energy barrier than one would get by the usual spline interpolation. With 
that, we find for the neutral (negative) charge-state data from (21) an energy barrier of 
3.05 eV (2.90 eV). Due to the band-gap problem in standard DFT calculations, there is 
probably a larger error bar associated with the barrier for the negative charge state, which, 
if it was corrected, should be expected to be higher (23).  
In contrast to (21), (23) finds an intermediate minimum configuration between initial 
and Humble configurations, which they label low symmetry (LS) configuration and 
which has a formation energy of approximately 1.85 eV with respect to the initial nitro-
gen-pair configuration. The barrier between initial and LS configurations is reported to be 
2.69 eV, and the second barrier between LS and Humble configurations is 1.19 eV (23). 
Our spline interpolation of the original data finds identical values. (23) then argues that 
the first energy barrier of 2.69 eV would limit the overall diffusion, since it was consid-
erably higher than the second one. However, following standard transition state theory 
(31), the effective barrier would not be expected to be the highest intermediate barrier, 
but the maximum overall barrier with respect to the initial state, which in this case is the 
barrier between the LS and the Humble configurations, which has a value of 3.04 eV with 
respect to the initial state. Thus, besides the fact that (23) finds the additional intermedi-
Figure 4. Minimum energy paths for nitrogen pair diffusion from the initial to the inter-
mediate Humble configuration, redrawn after previous work. The points are data taken 
from (a) (21) and (b) (23), respectively [(21) has data for different charge states as indi-
cated in (a)]. The lines are Akima spline interpolations of the original data. The maxima 
of the curves are indicated by arrows along with their energy values. 
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ate metastable LS state, they agree very well on the (neutral) barrier of just above 3 eV. 
This barrier is higher than the value of 2.34 eV fitted to a compilation of experimental 
data in (18) and is also outside of the 90% confidence interval for the activation energy 
ranging from 2.01 to 2.77 eV. It is, however, somewhat closer to the recent values of  
2.7-2.8 eV determined by Voronkov and Falster for the dissociation mechanism  
(28, 29).Nevertheless, unless the prefactor for the ~3 eV saddle points is in the range of 
104 cm2/s, orders of magnitude larger than the value of 5×10–2 cm2/s calculated above for 
the saddle point from (18), the pair-diffusion mechanism will be negligible in comparison 
to the dissociation mechanism. In order to check this, we calculated the prefactors within 
the quasiharmonic approximation described above for the (approximate) saddle point 
configurations reported in Refs. (21) and (23). We find them to be on the order of  
10–2 cm–2/s, giving strong support that the dissociative mechanism may indeed be the 
dominating one. 
 
Conclusions 
 
We have revisited the calculation of the diffusion coefficient for nitrogen, both within 
the dissociative and the direct pair-diffusion picture, using density-functional theory and 
harmonic transition-state theory. From our current results, it seems that the results for the 
dissociative mechanism are in better agreement with experiment than the direct pair-
diffusion mechanism. In more detail, for the dissociation diffusion parameter, we calcu-
late ( )( ) scmeV 4.2exp106.1 9 ⋅−×= TkP B , based on a monomer diffusion coefficient 
of ( )( ) smceV 53.0exp103.7)( 23N TkTD B−×= − , which compares favorably with ex-
perimentally determined values of ( )( ) scmeV 8.2exp104.8 10 ⋅−×= TkP B  (28) and ( )( ) scmeV 4.2exp104 9 ⋅−×= TkP B  (29). On the other hand, revisiting previous 
work (18,21,23) on dimer diffusion, we conclude that direct pair diffusion should be 
more than three orders of magnitude smaller than diffusion by dissociation, making its 
overall contribution to nitrogen diffusion negligible. 
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